ABSTRACT In this paper, the radiation features of indoor WiFi energy-harvesting antennas are analyzed, and the design guidelines that enhance receiving power are proposed. It is acknowledged that an RF energy-harvesting antenna is desired to depict circular polarization (CP) and omnidirectional patterns, as ambient sources are omnipresent; however, the polarization and half-power beamwidth (HPBW) of the antenna are inconclusive in earlier studies. To clarify the requirement of the radiation characteristics for indoor environments, the receiving performance of six antennas with different HPBWs and polarizations is analyzed. The research methodology is a hybrid ray tracing algorithm that integrates image and shootingand-bouncing-ray methods. These antennas are placed at different locations in a room, and the orientations are evenly and uniformly sampled. The receiving performance of each antenna is cast into cumulative density functions, which clarify the antenna that provides the maximum amount of successful receptions at specified energy-harvesting sensitivity. The simulated results are verified by performing the measurement. Surprisingly, the results indicate that CP and omnidirectional patterns cannot offer the most favorable receiving performance. In contrast, linear polarization and narrow HPBWs with high gain are desired in most of the scenarios, even though the directions of signal arrival have been uniformly sampled.
I. INTRODUCTION
Far-field wireless power transmission (WPT) can be categorized into two techniques: directive powering toward a dedicated source and energy harvesting from ambient sources. The major difference between the two techniques is the prior information of the transmitter. For radio-frequency (RF) energy-harvesting rectennas, the polarization of signal and the direction of signal arrival are assumed to be unknown. Earlier studies expect that the unknown information of sources makes the design requirement of the antenna different. The radiation requirement of the antenna for directive powering is linearly polarized and highly directive. In contrast, the antenna selection for RF energy harvesting is recognized as a structure with circular polarization (CP) and an omnidirectional pattern [1] .
Although it has been acknowledged that the RF energyharvesting antenna must have CP and an omnidirectional pattern, earlier studies have implemented diverse
The associate editor coordinating the review of this manuscript and approving it for publication was Neng Wu Liu. radiation features for the antenna. Concerning antenna pattern, both omnidirectional [2] - [24] and unidirectional reception [25] - [67] have been designed for RF energyharvesting antennas. Among the antennas with an omnidirectional pattern, several studies implement multiple cells that aim at distinct directions to achieve overall omnidirectional reception [12] , [16] . Concerning polarization, the antenna for a cell has been designed as linear polarization (LP) [2] - [19] , [25] - [55] and CP [20] - [24] , [54] - [67] . The antenna selections have been dipole [2] - [4] , [7] - [9] , [46] , monopole [5] , [6] , [10] , [11] , [13] , [15] , [18] , loop [14] , inductively-coupled-fed dipoles [17] , dipole backed with a conductor [25] , [33] , dipole array [27] , [49] , [52] , loop array [26] , [58] , slot [19] - [21] , [30] , slot backed with a conductor [50] , Vivaldi [29] , [47] , patch [12] , [16] , [23] , [32] , [34] - [39] , [43] - [45] , [51] , [54] - [57] , [60] - [62] , [67] , patch array [40] - [42] , [48] , [53] , [59] , [64] - [66] , Yagi-Uda [28] , [31] , log-periodic [22] , [24] , and spiral [63] . As can be seen, the antenna radiation characteristics are inconclusive. The omnidirectional reception does not dominate the selection of antenna pattern, and a large number of studies have designed the antenna with a narrow half-power beam width (HPBW). The purpose of this study is to analyze what antenna radiation features lead to enhanced RF receiving power for indoor WiFi energy-harvesting rectennas; furthermore, the design guidelines that improve the input power to the rectifier are proposed. In the sphere of RF energy harvesting, we cast the research topics into three major sets. Fig. 1 depicts the three sets of research issues to be addressed: RF-to-RF transmission, RF-to-dc conversion, and dc-to-dc management. In our earlier study, we focus on the RF-to-dc conversion, deriving the theoretical limits of power conversion efficiency and proposing design rules to approach such limits [17] . In this paper, the RF-to-RF transmission is investigated toward clarifying the antenna selection in indoor channels. The literature concerning the RF-to-RF transmission proposes a model that predicts the dc power using a modified Friis equation [68] , estimates receiving power using geometrical optics modeling [69] , and computes the attenuation for a rectenna embedded in concrete [70] . In this study, the receiving power for various radiation features is analyzed in indoor environments. The polarization to be examined includes LP and CP, and the patterns to be evaluated are HPBW = 360 • , HPBW = 60 • , and HPBW = 30 • . Thus, six combinations of the radiation features are represented, and the resultant receiving performance is analyzed. It is noted that the investigation is performed for one cell of a rectenna. That is, several studies utilize a dc-combining technique to construct a rectenna that consists of multiple cells. Although the multiple cells may implement different antenna features such as operating frequency, polarization, and direction of main beam, this study is carried out for the analysis of receiving power for one single cell.
The research methodology is a hybrid ray tracing algorithm that integrates image and shooting-and-bouncing-ray (SBR) methods [71] . Ray tracing is particularly suitable to the antenna characterization of indoor WiFi energy harvesting, yet this technique has not been implemented for this application. The significance of the multipath components will be demonstrated first. Next, each antenna is allocated at 12 positions in a room, and the six combinations of the radiation features are tested for 312 orientations. The receiving performance is tabulated as cumulative density functions (CDFs). These CDFs are readily transformed into organized result tables demonstrating how many scenarios that a radiation characteristic outperforms the others. Surprisingly, the results indicate that LP and unidirectional patterns can enhance the receiving performance, even though the directions of signal arrival have been evaluated as unknown. This statement is verified by performing measurement. Finally, the design guidelines that increase the RF input power will be provided.
II. METHODOLOGY A. ENVIRONMENT
The receiving of ambient RF power is investigated in an indoor environment as shown in Fig. 2 . This office environment is comprised of concrete walls, wood desks, conductive materials, and glasses, which are created in a Cartesian coordinate system. The material properties are provided in Table 1 . The receiving performance of energy-harvesting antennas is analyzed by two scenarios. Fig. 3 depicts the coordinate of the environmental setup. The notation TX and RX represent the transmitter and the receiver, respectively. The first scenario is single-input single-output (SISO). In this case, one transmitter is activated at one of the four TX positions. The transmitter is a WiFi base station equipped with a 9-dBi omnidirectional antenna, illuminating a vertically-polarized 38834 VOLUME 7, 2019 continuous wave at 2.45 GHz. The transmitting power is 19 dBm. The second scenario is multiple-input singleoutput (MISO). Multiple transmitters are placed at the four TX positions, and each transmitter is identical to that used in the first scenario. The combinations of two, three, and four transmitters are activated, respectively.
In these scenarios, a rectenna is placed at one of the 12 RX locations. The height of the transmitting antenna and the rectenna is assigned as 1 m, namely, z = 1 m. To emulate a rectenna that is illuminated by ambient sources with no prior information of signal direction, the rectenna is assigned to have random orientations. The orientations are uniformly and evenly sampled from a set of the combination of (θ, ϕ), in which θ ∈ {0 • , 15 The performance index is the receiving power of the rectenna, which is the function of the radiation characteristics of the antenna, orientations, and the location. After computing the receiving power for the 312 orientations, the results are summarized into a cumulative distribution function (CDF) with respect to each RX location. The first antenna is a half-wave dipole antenna, the geometry of which is depicted in Fig. 4 (a) . This dipole is linearly polarized, radiating a classical donut-shape pattern, as depicted in Fig. 5 (a) . The HPBW at the H-plane is 360 • . The peak gain is 2 dBi. The second antenna is a linearlypolarized patch antenna. Fig. 4 (b) depicts its geometry, and Fig. 5 (b) provides the three-dimensional (3-D) pattern, which shows unidirectional radiation with HPBW = 60 • at the H-plane. The peak gain is about 8 dBi. The third antenna is a 3 × 3 dipole antenna array backed with a conductor, as shown in Fig. 4 (c) . This structure depicts LP and a highly unidirectional 3-D pattern, provided in Fig. 5 (c) . This array has H-plane HPBW of 30 • and peak gain of 17 dBi.
The above antennas are all linearly polarized. On the other hand, the next three antennas are designed to be CP. The fourth antenna is an omnidirectional circularly-polarized patch antenna [72] . Fig. 4 (d) depicts its geometry, and Fig. 5 (d) is its donut-shape radiation pattern. The H-plane HPBW is 360 • . The peak gain is about 2 dBi. The fifth antenna is a unidirectional circularly-polarized patch antenna, the geometry of which is provided in Fig. 4 (e) . The 3-D pattern is shown in Fig. 5 (e). This patch antenna has H-plane HPBW of 60 • and peak gain of 8 dBi. Finally, Fig. 4 (f) shows the sixth antenna, which is a helical antenna. Fig. 5 (f) depicts its 3-D pattern. This helical antenna has highly unidirectional radiation with HPBW = 30 • and peak gain of 17 dBi. Fig. 6 shows the axial ratios of the three circularly polarized antennas. At 2.45 GHz, these antennas depict an axial ratio that is smaller than 3 dB. This confirms that CP is achieved for the three antennas. All the antennas have been designed to depict good impedance matching and high efficiency at 2.45 GHz. Their simulated 3-D vector E-fields are extracted. These data contain the information of polarization and radiation pattern, and they are loaded into the ray tracing algorithm.
C. HYBRID RAY TRACING ALGORITHM
The kernel of this study is to develop a ray tracing algorithm that analyzes the receiving power for the six antennas. The proposed hybrid algorithm integrates the image method and the SBR technique into a systematic technique, which can compute the direct and reflected fields in an indoor environment. The radiation features under test are contained in the expression of vector effective height (VEH). Fig. 7 exhibits the procedure of the hybrid algorithm. Considering a transmitting antenna that has a VEH h t (θ, φ) and a rectenna that has a VEH h r (θ, φ). As a first step, the parameters of the hybrid algorithm are assigned. These parameters include h t (θ, φ) and h r (θ, φ), the operating frequencies, the location of the transmitting antenna and the rectenna, the maximum number of bounces, and the tessellation frequency (denoted by N ). Next, triangular ray tubes are shot from the transmitting antenna, as the schematic shown in Fig. 8 , and each ray tube that bounces in the indoor environment is traced. In Fig. 8 , the triangular facets are constructed as an icosahedron, which is formed by 20 identical equilateral triangles. Afterward, each triangle edge is divided into N equal segments. For a given N , summarizing the 20 edges on the icosahedrons leads to 20 ×N × N segment ray tubes. As such, the number of ray tubes can be controlled using N , and so can the resolution of the ray tracing computation. In this study, N is set to 200, so 20 × 200 × 200 = 8 × 10 5 ray tubes are generated at this room.
Afterward, each ray tube is traced using the image method and the SBR method. The reception of the ray tubes depends on whether the transmission is line-of-sight (LOS) or non-line-of-sight (NLOS). The receiving amplitude of LOS power, denoted by R LOS , is determined using the Friis transmission formula. For the NLOS power transmission, the rectenna cannot directly receive the ray tube due to the presence of obstacles; thus, the proposed algorithm traces the associated reflected ray tube. The proposed algorithm evaluates whether the rectenna exists in the reflected ray tube. If the rectenna does, the contribution of this reflected path is computed using an equivalent image source, which is determined by the image theorem. The equivalent image source results in the open-circuited voltage of the rectenna, denoted by V oc . This open-circuited voltage can be computed using the reciprocity theorem [71] :
where ω is the operating angular frequency and k is the associated wave number, µ 0 is the permeability of free space, ρ im and ρ r are the position of the image source and the electric field, respectively, h q (θ,φ) is the effective antenna height of the image source, and I is the input current to the transmitting antenna. The receiving amplitude of each NLOS path (denoted by R NLOS ) is related to the open-circuited voltage of the rectenna:
V oc I in P t P rfs (2) where P rfs is the radiated power of the receiving antenna that operates in the radiating mode in free space, and I in is the input current of the receiving antenna when it is used for radiation. Substituting (1) into (2), the receiving amplitude of the i th NLOS path can be expressed as:
Each ray tube is traced using this procedure. The maximum number of bounces is assigned as the termination condition. Finally, the significant ray tubes propagate through LOS or NLOS can be observed, and the total contribution, S(ω), can be computed by:
where n is the number of the significant NLOS ray tubes.
III. SIGNIFICANCE OF MULTIPATH COMPONENTS
To demonstrate that tracing NLOS components is important for indoor RF energy harvesting, power delay profiles are analyzed. The power delay profiles are obtained through the inverse Fourier transform of the frequency-domain receiving amplitude S(ω).
The WiFi base station is activated at the first TX position. The receiving antenna is selected as the unidirectional linearly-polarized patch antenna (HPBW = 60 • ), which is allocated at the 12 RX positions. At each RX position, the resultant power delay profile is evaluated using the proposed hybrid algorithm. Fig. 9 (a), (b) , and (c) show the power delay profile for the rectenna allocated at RX location #2, #6, and #11, respectively. Fig. 9 demonstrates that after some time delay the power of the LOS path arrives at the rectenna first. In general, the LOS path has the strongest level of power and the associated time delay is the smallest one. The LOS power can be verified using the Friis transmission formula. It is observed that the results obtained agree with the estimation of the Friis equation. In addition to the first-arrived component, other delayed components are due to reflections from environmental objects. In Fig. 9 , the LOS component does not dominate the other multipath components. Some significant NLOS components depict a power level as large as the LOS component. These results indicate that evaluating power transfer through only LOS Friis transmission formula [68] is insufficient.
The power delay profiles obtained indicate that the multipath components follow the Saleh-Valenzuela model. These NLOS components arrive in clusters. Within each cluster, the multipath components decrease exponentially with delay, and the arrivals of the multipath components follow Poisson processes. In addition, between the clusters, the cluster arrivals and power also decrease exponentially. These observations confirm that the proposed deterministic approach agrees with the stochastic estimation.
In addition to visualizing the power delay profiles, the Rician factor can quantify the significance of VOLUME 7, 2019 multipath propagation. The Rician factor, denoted by K , is defined as:
where P LOS is the power of LOS propagation and P NLOS i is the power of the i th NLOS component. The larger the K , the smaller the multipath contribution is. In this situation, the probability density function (PDF) of signal amplitude converges to a Gaussian distribution. In contrast, when the NLOS components become relatively significant, the Rician factor decreases, and the PDF of signal amplitude converges to the Rayleigh distribution (K → −∞ dB). Table 2 provides the LOS power, the overall multipath power, and the Rician factor for the 12 RX locations. The value of K is generally around 0 dB, which indicates that the NLOS multipath components are as significant as the LOS transmission. This further validates that evaluating multipath components is important for indoor RF energy harvesting. To confirm the validity of the proposed ray-tracing algorithm, the receiving power is also tested by reducing the indoor environment into an anechoic chamber, where the walls are made of ideal absorbers and the inside is empty. In this case, the receiving power is the same as the LOS power depicted in Table 2 . This further validates the proposed ray-tracing algorithm.
To further verify the simulated results, the power delay profiles are measured in the indoor environment. The transmitting and receiving antennas used are the same as those in the ray-tracing program. The transmitting antenna is placed at the first TX position, and the receiving antenna is arranged at each RX location respectively. A vector network analyzer N5227A from Keysight is connected to the transmitting and receiving antenna. A power amplifier N4985A from Keysight is cascaded with the transmitting antenna so that the output power is 19 dBm, identical to the transmitting power used in the ray tracing. The VNA measures S 21 parameters, representing the complex channel transfer function between the transmitting and receiving antennas. The measured frequency spectrum is 2.35 GHz to 2.85 GHz, uniformly sampled by 2,001 frequency points. Accordingly, the delay resolution and the maximum resolvable delay are 2 ns and 4 µs, respectively. To reduce the aliasing effect, a Hanning window is implemented to filter the measured complex channel transfer function. The filtered transfer function is transformed to the time domain using inverse fast Fourier Transform, which leads to the measured results of power delay profiles. Fig. 9 demonstrates the measured results of power delay profiles. The measured results depict the exponential decay of the power, which is well fitted with the ray-tracing simulation. In addition, the measured power delay profiles indicate several identifiable clusters. Within each cluster, the measured power follows exponential decay with time delay. In terms of cluster decay, the measured results also suggest a linear relationship between power in log scale and time delay. Based on the measured results, the most significant component is identified as the LOS power, and the other components are summed up to estimate NLOS contributions. The resultant Rician factors for the receiving antenna allocated at RX location #2, #6, and #11 are −3.3 dB, −1.7 dB, and −4.3 dB, respectively. Compared with the simulated results shown in Table 2 , the measured Rician factors agree well with the ray-tracing estimation. This further validates the proposed methodology and parameters used that characterize radiation properties for energy-harvesting antennas.
The conventional design requirement for the energyharvesting antenna, namely, CP and omnidirectional patterns, is considered for only the LOS propagation. However, it is observed that the multipath components are important even though the direct path is not blocked by obstacles. Thus, indoor RF energy-harvesting antennas require the exploration of new design rules that analyzes the multipath effect.
IV. RESULTS
Using the hybrid ray tracing algorithm, the RF receiving power is simulated for the six antennas under test. Typically, the dc-to-dc converter (see Fig. 1 ) has the requirement of a minimum current to wake up a microchip. For example, the microchip of the dc-to-dc converter has been selected as S-882Z series [65] , which can step up a low input voltage of 0.3 V. The minimum current for this microchip is 0.6 µA at 0.3 V; thus, the sensitivity of the dc-to-dc converter using the S-882Z is −37.4 dBm. For such a low dc power, the RF-to-dc conversion efficiency of a rectifier is generally below 10% [17] ; therefore, the load cannot be driven unless the antenna receives power that is greater than −27.4 dBm. This further suggests that the energy-harvesting circuit is associated with a sensitivity level. Accordingly, three sensitivity levels (denoted by P th ) are assigned for the energyharvesting circuit: P th = −20 dBm, P th = −25 dBm, and P th = −30 dBm. 38838 VOLUME 7, 2019 FIGURE 10. CDFs of receiving performance when one transmitter is activated. (a) The rectenna is at RX location #1 and the first transmitter is activated, (b) the rectenna is at RX location #5 and the second transmitter is activated, (c) the rectenna is at RX location #6 and the fourth transmitter is activated, (d) the rectenna is at RX location #5 and the first transmitter is activated, and (e) the rectenna is at RX location #6 and the first transmitter is activated.
A. SISO
First, the SISO scenario is analyzed. Fig. 10 shows sample CDFs of the receiving power for the six antennas under test.
The successful reception is defined as the case that the receiving power is greater than an observed threshold power. These CDFs can clarify the antenna selection at a certain P th . When a threshold power is assigned, the corresponding result represents how many cases a rectenna can collect RF power greater than this threshold. Accordingly, each antenna under test corresponds to an outcome; by comparing these outcomes, the antenna that outperforms the others can be identified. Fig. 10 (a) demonstrates the scenario that the first transmitter is turned on and the rectenna is allocated at RX location #1. When P th = −25 dBm, the helical antenna (CP, HPBW = 30 • ) leads to the largest number of successful receptions. When P th = −30 dBm, the 3 × 3 planar array backed with a conductor (LP, HPBW = 30 • ) depicts the largest amount of successful receptions. Fig. 10 (b) illustrates another example that the second transmitter is activated and the rectenna is allocated at RX location #5. When P th = −20 dBm and P th = −25 dBm, the planar array backed with a conductor (LP, HPBW = 30 • ) outperforms the other antennas. However, when P th = −30 dBm, the best antenna choice becomes the helical antenna (CP, HPBW = 30 • ). Fig. 10 (c) depicts a result that is quite different from the above scenarios. The fourth transmitter is activated, and the rectenna is allocated at RX location #6. The antenna that results in the largest number of successful receptions is the omnidirectional circularly-polarized patch antenna (CP, HPBW = 360 • ), whatever threshold power is.
Two scenarios where the multipath receiving power is greater than the LOS power are examined. In Table 2 , when the first transmitter is activated and the receiving antenna is arranged at the RX locations #5 and #6, respectively, the Rician factors are smaller than 0 dB, which indicates that multipath power is more significant than the LOS power. The resultant CDFs are shown in Fig. 10 (d) and Fig. 10 (e) , respectively. In these situations, different observed power levels require distinct antenna radiation features. When the convertible threshold power is −20 dBm, the linearlypolarized high-gain antenna with a narrow HPBW is desired. On the other hand, when the convertible threshold power is extremely low, such as −35 dBm, the desired characteristic becomes LP and HPBW = 360 • .
To compare the performance of various radiation properties more clearly, these CDFs are cast into organized result tables. Table 3 shows the results for the number of successful receptions at each location when the first transmitter is activated. The threshold power is −25 dBm. For a specific HPBW, Table 3 indicates that LP achieves more number of successful receptions as compared to CP at all the locations. In addition, for a specific polarization, the antenna with HPBW = 30 • achieves superior performance as compared to the antennas with HPBW = 60 • or HPBW = 360 • at most of the locations. This further suggests that narrow HPBW leads to more numbers of successful receptions at this threshold power. 3. The number of successful receptions when the first transmitter is activated (P th = −25dm).
FIGURE 11.
CDFs of receiving performance when multiple transmitters are activated simultaneously. (a) The rectenna is at RX location #2 and the first, second, and fourth transmitters are activated, (b) the rectenna is at RX location #5 and all the transmitters are activated, and (c) the rectenna is at RX location #10 and the second and third transmitters are activated.
B. MISO
Next, the MISO scenario is investigated. Fig. 11 depicts several results of the CDFs. In particular, Fig. 11 (a) is associated with activating the first, second, and fourth transmitters and allocating the rectenna at RX location #2. The antennas that lead to the maximum number of successful receptions at the three sensitivity levels are diverse. If the convertible input power is −20 dBm and −25 dBm, the 3 × 3 planar array backed with a conductor (LP, HPBW = 30 • ) outperforms the other antennas. If the convertible input power is −30 dBm, the best antenna choice becomes the dipole antenna (LP, HPBW = 360 • ). Fig. 11 (b) depicts the result for the case that all the transmitters are activated and the rectenna is allocated at RX location #5. Although the linearly-polarized and circularlypolarized unidirectional patch antennas have similar performance at P th = −30 dBm, the antenna that leads to the largest number of successful receptions at P th = −20 dBm and P th = −25 dBm is again the 3 × 3 planar array backed with a conductor (LP, HPBW = 30 • ). Fig. 11 (c) is the result for activating the second and third transmitters and allocating the rectenna at RX location #10. In this case, the 3 × 3 planar array backed with a conductor (LP, HPBW = 30 • ) has dominant performance at all the three sensitivity levels.
These CDFs are tabulated to draw a comparison for radiation features. Table 4 shows the results that the second and third transmitters are activated, and Table 5 provides the results that all the transmitters are activated simultaneously. The threshold power of the energy-harvesting circuit is selected as P th = −25 dm. Concerning the polarization, for a selected HPBW, LP leads to a greater number of successful receptions at most of the locations. Concerning the HPBW, for a selected polarization, the number of successful receptions varies as the directional property, and the highest gain (HPBW = 30 • ) generally outperforms the other two pattern characteristics (HPBW = 360 • and HPBW = 30 • ).
C. EXPERIMENTAL VERIFICATION
To verify the results simulated using the hybrid ray tracing algorithm, measurements are performed to test the receiving power. The unidirectional linearly-polarized patch antenna (LP, HPBW = 60 • ) is fabricated. The impedance matching is tested to confirm that this antenna can harvest WiFi energy first. Fig. 12 depicts the simulated and measured reflection coefficients. In particular, the simulated and measured return loss at 2.45 GHz are 15.1 dB and 11.8 dB, respectively. The measured results agree with the simulated ones, and good impedance matching is obtained over the 2.4-GHz WiFi frequency band. In addition, the E-and H-plane radiation patterns are measured. Fig. 13 shows the gain patterns. The simulated and measured peak gain are 7.6 dBi and 6.9 dBi, respectively. Once again, the simulation and measurement show good agreement.
After verifying that the measured performance is comparable with the simulated ones, the patch antenna is connected to a power sensor ''U2001A'' from Keysight Technology. This power sensor can detect the average power collected by an antenna that operates from 10 MHz to 6 GHz.
A number of the simulated results are tested. During the experiment, the patch antenna and the transmitter are assigned to have exactly the same positions as those used in the simulation. Thirty combinations of (θ, ϕ) are sampled using the table of random numbers, and the patch antenna interconnected with the power sensor is assigned to follow the orientations. Fig. 14 and Fig. 15 present some sample results for the SISO and MISO energy harvesting, respectively. Although the measured power levels are generally lower than the simulated results, the trend of the simulated VOLUME 7, 2019 and the measured results is highly identical. The difference between the simulated and measured results is due to the additional loss of a connector and a cable. Besides, the measured peak gain is lower than the simulated one by 0.7 dB. These verifications lend validity to the hybrid ray tracing algorithm.
V. DISCUSSION
To gain the design guidelines from a large number of CDFs, it is required to summarize these results statistically. The number that an antenna outperforms the others is counted up, and the data are organized into result tables. Three sensitivity levels are observed, including P th = −20 dBm, P th = −25 dBm, and P th = −30 dBm.
A. POLARIZATION
First, the receiving performance of LP and CP is examined. Table 6 demonstrates the comparison of polarization properties for the SISO case. For the SISO environment, there are 12 RX locations ×C with HPBW = 60 • , the score of which is only 1. Additionally, the linearly-polarized antenna with HPBW = 30 • has 34 out of 48 scenarios that outperform the circularly-polarized counterpart, the score of which is 13. Thus, the LP feature is more desirable for WiFi energy-harvesting antennas.
In the MISO case, there are 12 RX locations × (C shows 9 (39) cases that have better performance. This further indicates that the indoor RF energy-harvesting antenna should be designed as LP, instead of CP, even though the environment is equipped with multiple transmitters.
In indoor environments, base stations, including WiFi applications, are generally equipped with linearly-polarized antennas. Although the use of another linearly-polarized receiving antenna may incur polarization loss, indoor multipath components can recover the polarization mismatch. As demonstrated in Section III, the NLOS components are as significant as the LOS propagation. The electric field of these components depicts diverse direction, and thus the polarization loss is reduced. As compared to the circularly-polarized rectenna, which always sacrifices the receiving power by 50%, using a linearly-polarized antenna can enhance the overall receiving power.
B. HPBW
Next, the effect of polarization is isolated, and the receiving performance of various HPBWs is examined. Table 8 shows the results for the SISO case, indicating that narrower HPBWs lead to superior performance, whatever polarization is. Considering P th = −30 dBm, for the three linearlypolarized antennas, the numbers that the antenna with HPBW = 30 • , HPBW = 60 • , and HPBW = 360 • dominates the others are 37, 4, and 3, respectively. Additionally, for the three circularly-polarized antennas, the numbers that the antenna with HPBW = 30 • , HPBW = 60 • , and HPBW = 360 • outperforms the others are 37, 4, and 1, respectively. Thus, narrow HPBWs and high gain are more desirable for the WiFi energy-harvesting antenna.
Similar results can be found among the MISO case. The same 132 scenarios are evaluated, and the results are shown in Table 9 . The above design guidelines are different to the previous knowledge. Conventionally, high-gain and unidirectional patterns aim at far-field directional powering; however, the results demonstrate that this antenna is still suited to indoor RF energy harvesting even though the directions of signal arrival are randomly sampled. This further indicates that multipath propagation is able to reduce the adverse effect of misalignment. As the level of ambient RF power is particularly small, increasing antenna gain is of the utmost importance so that a rectifier can collect sufficient input power. However, omnidirectional patterns are usually related to smaller peak gain. As a result, the conventional design concept is only applicable to purely LOS transmission. To validate that the multipath power increases the number of successful receptions and makes the narrow HPBW desirable, the receiving performance is simulated and tested inside the anechoic chamber with the same dimensions. First of all, the first transmitter is activated, and the antennas under test are allocated at the RX location #5 respectively. When P th = −25 dBm, in the indoor environment as illustrated in Fig. 2 , the number of successful receptions for the 3 × 3 planar dipole array backed with a conductor (HPBW = 30 • ) is 32. In contrast, when only the LOS transmission exists, the number of successful reception is 9. These cases occur when the main beam of the receiving antenna points at the direction of the LOS path. Without the contributions of the NLOS components such as the reflected wave producing by the floor or the ceiling, the misalignment makes the highgain feature impractical. In this situation, the omnidirectional reception may lead to better performance. Another example is that the first transmitter is activated and the antennas under test are arranged at the RX location #8 respectively. When P th = −30 dBm, in the indoor environment as shown in Fig. 2 , the number of successful receptions for the antenna with HPBW = 30 • and HPBW = 360 • are 38 and 28, respectively. However, when the environment is reduced into the anechoic chamber, the number of successful receptions for the antenna with HPBW = 30 • and HPBW = 360 • become 7 and 24, respectively. Thus, if multipath components are eliminated, the high-gain feature becomes undesirable.
VI. CONCLUSION
In this paper, the antenna radiation properties are characterized for indoor WiFi energy-harvesting rectennas. While it is acknowledged an energy-harvesting antenna is desired to be CP and omnidirectional receiving, these features cannot improve the receiving performance in indoor environments. As the conventional design goal is derived from the consideration of only LOS transmission, the significance of multipath components has not been emphasized. In contrast, the hybrid ray tracing algorithm can clarify the receiving power of various antenna radiation features. The proposed technique is validated by making a comparison with the measurement. The results provide new design guidelines for RF energyharvesting rectennas: (1) As an indoor WiFi base station is usually equipped with an LP antenna, the polarization of an energy-harvesting rectenna is desired to be LP, instead of CP, as multipath components remedy polarization loss. (2) The radiation pattern is recommended as narrow HPBWs and high gain, instead of omnidirectional receiving. (3) LP and high gain are applicable for both the SISO and MISO energy harvesting. In summary, this study clarifies the indoor RF-to-RF transmission for RF energy harvesting. Our next step is to develop design rules for dc-to-dc power management. FEI-PENG LAI was born in Chiayi, Taiwan. She received the B.S. degree in electronic engineering from the National Taipei University of Technology, in 2017, where she is currently pursuing the Ph.D. degree in electronic engineering.
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